Lakes and other freshwater bodies are intimately connected to the surrounding land, yet to 26 what extent land-use affects the quality of freshwater and the microbial communities living in 27 various freshwater environments is largely unknown. We address this question through an 28 analysis of the land use surrounding 46 inter-connected lakes located within 7 different 29 drainage basins in northern Germany, and the microbiomes of these lakes during early 30 summer. Lake microbiome structure was not determined by the specific drainage basin or by 31 basin size, and bacterial distribution did not seem to be limited by distance. Instead, land use 32 within the drainage basin could predict, to some extent, NO2+NO3 concentrations in the 33 water, which (together with temperature, chlorophyll a and total phosphorus) affected water 34 microbiome structure. Land use directly surrounding the water bodies, however, had little 35 observable effects on water quality or the microbiome. Several microbial lineages, including 36 environmentally important Cyanobacteria and Verrucomicrobia, were differentially 37 partitioned between the lakes. As the amount of available data on land use (e.g. from remote 38 sensing) increases, identifying relationships between land use, aquatic microbial communities 39 2 and their effect on water quality will be important to better manage freshwater resources 40 worldwide, e.g. by systemically identifying water bodies prone to ecological changes or the 41 presence of harmful organisms. 42 43
Introduction

46
The world's population growth is maintained by a suite of human enterprises such as agriculture, industry, fishing and international commerce (Vitousek, et al., 1997) . The use of Table 1 ). When quantifying the independent 276 contribution of each different land use separately, urban was the only significant variable 277 explaining 74% of the variation in NO2+ NO3. We next used VPA to explore whether and to what extent basin-level and local-level land 279 use types, as well as aquatic environmental conditions, explain the composition of the aquatic 280 microbiome. VPA results pointed to aquatic environmental parameters as key parameters, in 281 total explaining 15.5% of the variance in microbiome composition among all sites, 11% 282 independent of land-use parameters (Figure 4) . In contrast, land-use types (at both basin and 283 local scale) had a very weak explanatory power for microbial community structure (Figure 4 ). 284 Following VPA results, we tested measured aquatic environmental parameters as explanatory 285 model for community composition using CCA followed by CCA permutation test 286 ( Supplementary Table 4 , Figure 5 ). The aquatic environmental parameter model explained 287 24.2% of the inertia in CCA and was significant (P<0.05). Similar to the NMDS 288 (unconstrained) ordination (Supplementary Figure 3A) , the CCA did not show clear 289 separation of sampling sites by basin ( Figure 5b ). Four out of six aquatic environmental 290 parameters in our model were significant: total phosphorus (TP, P < 0.01) and Chl a (P < 291 0.05) concentration were positively associated with CCA1 (eigenvector for CCA1 and CCA2 292 were 0.89, -0.12 for Chl a and 0.45, -0.16 for TP), NO2+NO3 (P < 0.05) was positively 293 associated with CCA2 (eigenvector 0.30, 0.58) and water temperature (P < 0.01) was 294 negatively associated with CCA2 (eigenvector 0.08, -0.84) (Figure 5a , Supplementary Table   295 4). Notably, NO2+NO3 were identified by the GLMs as being significantly affected by land 296 use in the drainage basins. Having identified TP, Chl a, NO2+NO3 and temperature as variables affecting the 301 microbiome as a whole, we next asked whether we could identify specific microbial lineages 302 affected by these environmental conditions. To answer this question, we analyzed the 303 distribution patterns of OTUs belonging to different bacterial lineages along the CCA 304 ordination axes. Most phyla were widely distributed in the CCA biplot ( Figure 5 ), suggesting 305 that, within each phylum, OTUs were affected differently by environmental factors driving 306 the CCA ordination. However, Actinobacteria OTUs formed a tight cluster whose center was 307 on the negative side of the x-axis ( Figure 5C ). This suggested that all OTUs in this group 308 were affected similarly by the measured environmental variables. To statistically test this, we 309 developed a permutation test to determine: a) whether OTUs in each lineage were clustered 310 together more than expected (i.e. the distances between them were smaller than those 311 between randomly selected OTUs. This suggests a coherent relationship with the factors 312 constraining the CCA at the lineage level); b) whether the OTUs were associated (positively 313 or negatively) with any of the eigenvectors of the specific aquatic parameters (i.e. the arrows 314 in Figure 5B ). We then applied these two tests to lineages at different phylogenetic resolution 315 (phylum, class, order and family) to identify those that are coherently affected by the four 316 environmental parameters tested (Supplementary Data File 2).
317
Of the five most abundant phyla, only Actinobacteria were not randomly distributed in the 318 CCA plot, as determined by permutation analysis (Figure 5C-G, P < 0.05, Supplementary 319 Data File 2). As a phylum, they were negatively associated with Chl a, temperature and total 320 P. This suggests that, while the relative abundance of Actinobacteria was different between 321 different sites, within this phylum OTUs behaved similarly, i.e. they are found at similar 322 ratios at each location ( Figure 2B ). Proteobacteria showed a wider distribution range that was 323 close to significance in our test (adjusted p-value = 0.066, Figure 5D ). These results are in 324 agreement with our observation that Actinobacteria and Proteobacteria OTUs dominate the 325 core microbiome of all sites (Supplementary Figure 6A ) and that within each of these phyla, a relatively large fraction of OTUs was core or cosmopolitan (Supplementary Figure 6B ). In 327 contrast, Verrucomicrobia, Cyanobacteria and Bacteroidetes did not cluster together in the 328 CCA plot (although, as phyla, they were associated with some water parameters ( Figure 5E -329 G, Supplementary Data File 2).
330
At a higher phylogenetic resolution, several lineages clustered in a non-random way and 331 affected by the tested parameters (Supplementary Data File 2). In some cases, different 332 lineages within the same phylum behaved similarly. For example, Acidimicrobiales and 333 Actinomycetales orders, both belonging to the Actinobacteria, behaved similarly, being 334 negatively associated with Chl a and total P concentrations, as well as with temperature.
335
However, in other cases different lineages clearly clustered separately and were affected 336 differently by the tested environmental factors, suggesting potential niche differentiation.
337
Within the Cyanobacteria, the order Synechococcales was clearly separated in the CCA 338 ordination from the Pseudoanabaenales and Nostocales ( Figure 5H ). The former was 339 clustered non-randomly and was negatively associated with Chl a, NO2+NO3 and TP 340 (Supplementary Data File 2), whereas the two latter orders were positively associated with 341 these factors. Nostocales and Pseudanabaenales, in turn, differed in their correlation with 342 temperature (positive and negative association with temperature, respectively). Notably,
343
while Cyanobacteria appeared at all sampling sites ( Figure 2B ), few Cyanobacteria OTUs 344 were part of the core microbiome (Supplementary Figure 6A ), yet this phylum had the 345 highest fraction of OTUs in the ''common'' category among all analyzed phyla 346 (Supplementary Figure 6B ). This further suggests that different Cyanobacteria of different 347 water bodies, potentially correlated with water quality and trophic status. Differences in the 348 ordination of groups at the class level were also observed within the phylum 349 Verrucomicrobia, with Opitutae clustered non-randomly and associated with low NO2+NO3 350 and Chl a, clearly separating from other classes such as Methylacidiphilae and Spartobacteria, 351 both of which were positively associated with Chl a (although not clustered, Figure 6B ).
353
Discussion
354
Quality and chemical properties of freshwater ecosystems, aquatic microbial populations, and 355 human health are tightly interlinked. In this study, we analyzed the microbiomes of a network 356 of partly-interconnected lakes, which belong to several different drainage basins. We aimed 357 to identify to what extent land-use in the drainage basins of the lakes affects both 358 environmental conditions in the water and lake microbiomes. Several previous studies have 359 identified correlations of land-use to various parameters of water chemistry, as well as to the 360 abundance of specific members of the microbial community (Savage, et al., 2010 , Katsiapi, et 361 al., 2012 , Beaver, et al., 2014 , Davis, et al., 2015 . However, few studies have attempted to 362 determine whether land use controls the microbiome structure as a whole (Glöckner, et al., 363 2000, Van Rossum, et al., 2015) . Importantly, in our analyses, we used tools that are 364 relatively accessible to water quality managers: land-use maps are available for many regions 365 of the world, and are often used for land management using GIS (Joerin, et al., 2001 , Zhang, 366 et al., 2015 . The water quality measurements performed using hand-held instruments, and 367 measurements of inorganic nitrogen compounds and total phosphorus were performed using 368 commonly-applicable and standardized methods (Grasshoff & Kremling, 1983 , Grasshoff & 369 Ehrhardt, 1999 , Louca, et al., 2016 . Our results suggest a conceptual model (schematically 370 presented in Figure 6 ) whereby NO2+NO3 is related to a specific land use within the drainage 371 basin of each water body (urban areas). In turn, NO2+NO3, together with total phosphorus chl 372 a and temperature, are related to the relative abundance of specific microbial linages at 373 different phylogenetic resolutions.
Previous studies have shown that specific environmental parameters affecting microbial 375 community structure may vary between studies, freshwater systems and the time of sampling 376 (e.g., Crump, et al., 2007) . Temperature is often identified as an explanatory variable (Van 377 der Gucht, et al., 2007) , but this is not always the case (Savage, et al., 2010) . Chlorophyll a 378 and total P concentrations are also sometimes identified as important variables (Yannarell & 379 Triplett, 2005), but not always (Crump, et al., 2007 , Van der Gucht, et al., 2007 , Niño-380 García, et al., 2016 , and these two parameters may have a stronger effect on particle-381 associated rather than free-living bacteria (Savio, et al., 2015) . In our dataset, chl a and total 382 P concentrations (which are often used as quantitative measures of lake trophic state) were 383 somewhat related to the relative abundance of Cyanobacteria ( Supplementary Figure 2) , 384 especially Nostocales and Pseudanabaenales ( Figure 5 ). While pH is often identified as 385 important (Yannarell & Triplett, 2005 , Crump, et al., 2007 , Savio, et al., 2015 , Niño-García, 386 et al., 2016 , it was not a statistically significant explanatory variable in our analysis. Finally, 387 consistent with our results, NO2+NO3 have been shown to affect community structure in 388 some cases (Kozak, et al., 2019) , whereas in other studies total N (which was not measured 389 here) was shown to be important (e.g., Van der Gucht, et al., 2007) .
390
Below we first discuss specific links between land use types, water quality, and microbiome 391 composition, as well as the association between specific lineages and water quality 392 parameters. We then mention the caveats of our study and suggest ways to improve future 393 studies.
Cyanobacteria OTUs, which instead dominate the "cosmopolitan" group (Supplementary 521 Figure 6 ), and further highlight the potential importance of understanding the dynamics of 522 "core" microbes in relation to water quality.
523
Potential niche differentiation was also observed within the phylum Verrocumicrobia, which 524 is ubiquitous but relatively less studied in freshwater environments (Figure. 5I, Newton, et 525 al., 2011) . Some members of this phylum were found to be associated with high nutrient 526 concentrations or algal blooms (Eiler & Bertilsson, 2004 , Kolmonen, et al., 2004 , Haukka, et 527 al., 2006 . In our study Methylacidiphilae (and possibly also Spartobacteria) clearly separated 528 from the other three classes (Pedosphaerae, Opitutae and Verrucomicrobias), and may be 529 associated with high NO2 + NO3 concentrations and low temperatures. At least some 530 members of the Methylacidiphilae are methanotrophs (Camp, et al., 2009) , and one bacterium 531 from this class (Methylacdiphilum fumariolicum) is a diazotroph, able to actively fix 532 atmospheric N2 (Khadem, et al., 2010) . While most methanotrophic Verrucomicrobia have 533 been isolated in extreme hot and acidic environments, the association of potential diazotrophs 534 (Methylacidiphilae as well as Pseudanabaenales) with high NO2+NO3 in lakes is intriguing, 535 and their potential contribution to high inorganic N concentrations is worth to perform 536 additional studies.
537
The separation between different orders in the CCA plots suggests that, in freshwater 538 bacteria, niche differentiation may be discernable at intermediate phylogenetic resolution -539 higher than that of phyla but lower than that of specific species or strains. We also searched 540 for specific OTUs that were associated with aquatic environmental conditions or land use 541 categories, but found very few results, and when correlations were observed, they were 542 relatively weak (maximum Pearson R 2 was 0.53, Supplementary Table 3 ). Two OTUs, one 543 belonging to Phycisphaerales (phylum Planctomycetes) and one belonging to Saprospirales 544 (phylum Bacteroidetes), were positively associated with NO2+NO3 concentrations.
545
Phycisphaerales have been found in ANNAMOX processes (Hu, et al., 2015) , and 546 Saprospirales are associated with specific soil parameters (King, et al., 2010 , Hargreaves, et 547 al., 2015 , yet, the role of these taxa in freshwater is mostly unclear. Thus, in our dataset, no 548 specific OTU can serve as an indicator species for specific aquatic environmental parameters 549 or land uses.
550
As the amount of genetic data (e.g. 16S rDNA surveys and metagenomes) from freshwater 551 locations rapidly increases, it will be important to explore the best phylogenetic resolution at 552 which to identify correlations between water quality and microbiome structure. Such 553 microbiome data can then be linked to the relative abundance of specific microbial groups 554 such as those involved in nutrient cycling, toxicity or pathogenesis, which in turn are 555 important traits for water quality management. 556 557
Caveats and Limitations
558
While we could explain a part of the variability in the microbiome (a maximum of 13.7% in 559 the VPA analysis, Figure. 4, similar to other studies, (Lear, et al., 2013) , a large part of the 560 variability remains unexplained. This variability may be due to other aquatic environmental 561 parameters we did not measure, for example the quantity and composition of the dissolved 562 organic carbon, which feeds heterotrophic bacteria and clearly has an effect on aquatic 563 microbiomes (Davis, et al., 2015 , Logue, et al., 2015 , Wei, et al., 2016 . Nor did we measure 564 hydrological properties of the systems such as the lake depth, turbulence, stratification or 565 retention times of the lakes, which can also strongly affect microbial population structure 566 (Kopylov, et al., 2002 , Nogueira, et al., 2002 , Humayoun, et al., 2003 , Carini, et al., 2005 times and potential groundwater inflow, for example, may affect the rate of population bodies, were mapped using GIS, with black lines superimposed indicating drainage basins.
886
The arrows indicates the dominant flow direction within each basin. A map with the identities 887 of each sampling location is presented in Supplementary Figure 1 , and the detailed 888 information on each sampling location can be found in Supplementary Tables 4-6 . The drainage basin of each lake was defined as the line connecting the highest points from 970 which the surface water flow enters each of the lakes. Since the lakes are inter-connected, the 971 drainage basin of each lake contains also those of the lakes upstream to it. Due to the flat 972 topography of the region automatic basin detection using GIS was not satisfactory, and thus 973 the basins depicted in Figure 1 and Supplementary Figure 1 were delineated manually using a 974 combination of topographic maps produced from the Digital Elevation Model layer with 975 a resolution of 0.0008333 decimal degree and high-resolution hiking and biking maps 976 (Kompass Fahrradkarte, 1:70,000). Human structures such as roads were not informative due 977 to the flat terrain. Literature surveys and site visits by the sampling team were used to clarify long history of water use for agriculture, aquaculture and transportation, the region includes 980 also many artificial canals, weirs and ponds, often connecting between different basins. In 981 order to simplify the analysis, the exchange between the basins was neglected. Additionally, 982 Lake Müritz primarily drains north-east into Lake Kölpinsee and from there east into the Elde 983 and ultimately into the Elbe. However, the lake also drains south at Rechlin into the Havel 984 basin. The border between the Havel and Elde basins was delineated, based on the 985 topography surrounding the lake, as shown in Figure 1 . 986 Our 46 sampling sites varied between 7 different sub-basins as follow: 11 samples at Havel 987 basin, 10 at Lychen, 12 at Rhin, 5 at Stechlin, 4 at Ucker, 1 sample from Tollensesee, 1 988 sample from Berlin Spree and 2 samples from lakes that are not part from any drainage basin 989 (marked as ''none'' in Figure 1 ). Not all samples from the same basin are directly connected, 990 for instance, water from the lakes in the Rhin's northern part (12-15 in Supplementary Figure   991 1) meets water from the lakes in the Rhin's eastern part (18, 19, (21) (22) (23) 
Estimation of the trophic status of the lakes
The trophic classification of the lakes is based on measurements done or directed by the Before performing multivariate analyses, we removed environmental parameters which were strongly correlated (Spearman r > 0.8, P < 0.05), with the exception of forests and arable testing conditioned CCA. In the case of testing for model "Basin Land Use", "Local Land Fig S1. Detailed map of the sampling location, with the different sampling sites noted. 1162 Sampling sites were chosen to represent a high diversity in environmental gradients, e.g. 1163 variety in land use and water chemistry. These differences between the sites can be visualized 1164 -even before our measurement: a-c) Lakes of the Havel basin. a) Grosser Priepertsee is lake 1165 located within a town called Priepert and is used for boating and recreation, while b) 1166 Grienericksee is located next to the city of Rheinsberg with clear blue water. c) Thymensee is The population structure of the samples lakes, ordered by chlorophyll (a) and total P
